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In Brief
Nunes et al. describe in detail a nursery pollination system involving orchids and weevils that actively self-pollinate flowers prior to have their larvae fed by the resulting fruits. In this work, they show that the outcome of this plant-floral visitor interaction can be mediated by a third party: parasitoid wasps.
SUMMARY
Nursery pollination involves pollinators that lay eggs on the flowers they pollinate and have their brood fed on flower parts or developing ovules [1] [2] [3] [4] . Active pollination, a ritualistic behavioral sequence shown by nursery pollinators when transferring pollen from anthers to stigmas, is known in only four plant lineages [5] [6] [7] [8] [5, 6] . We report in detail a system in which weevils actively pollinate orchids prior to having their larvae fed on the developing fruits. Sampling over five years revealed that although weevils trigger fruit set, this interaction is negative for the plant as weevil larvae often consume all contents of infested fruits. However, part of weevilinfested fruits is often ''rescued'' by parasitoid wasps, which kill the weevil larvae before all fruit content is consumed ( Figure 1 ). ''Rescued'' fruits present high seed viability and biomass similar to that of noninfested fruits, much higher than that of fruits with weevils only. Hence, parasitoids mediate the fitness consequences of the interaction between the plant and its parasitic pollinator. Weevils constitute a megadiverse group of herbivores commonly reported as florivores [9] but are also appreciated as flower-ovipositing pollinators of cycads and palms [4, [10] [11] [12] [13] and were previously recorded carrying orchid pollinaria [14] [15] [16] . The orchid-weevil system presented here shows that plant-floral visitor interaction outcome can be mediated by a third party (parasitoids) and illustrates a way by which the biological context may allow the emergence and persistence of active nursery pollination behavior in nature.
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RESULTS
Active Nursery Pollination Behavior of Weevils
Our observations on the behavior of pollinating weevils in the orchid Dichaea cogniauxiana revealed that diminutive (ca. 2 mm) female weevils from the genus Montella (Curculionidae, Baridinae) actively pollinate flowers (15 pollination events in 43 hr of focal observations). Weevils are new species to science, and molecular genetic analyses (COI) suggest that at least two Montella species are involved in the association reported here, although one species is much more common (17/18 of the specimens analyzed, see Supplemental Information). Usually, after pollination, weevils oviposit inside the stigmatic cavity, ritualistically repeating this behavior in each flower they pollinate (Movie S1). This behavior was confirmed in plants taken to the laboratory (5/5 flowers from two distinct plants; Movie S2). Female weevils performed selfpollination by manipulating the pollinarium, using their rostrum and front legs, and transferring pollen from the anthers to the stigma of the same flower ( Figure 1B ). However, they were sometimes recorded leaving the flowers just after pollination, without laying eggs (two times out of 15 pollination events), after being interrupted by other females or harassment by male weevils.
Under natural conditions, D. cogniauxiana produced 12.0 ± 10.7 flowers (mean ± SD, n = 57 individuals) with fruit set of 57.5 ± 31.4% (n = 34; see also [17] ). Weevil larvae infested 21.3 ± 5.6% of the fruits per year (n = 830 fruits with ca. 45 days, collected in 5 years of successive reproductive seasons), a proportion that is mostly constant between years (proportion of infested fruits per total fruits in an individual, quasibinomial GLM, F = 1.8, p = 0.13; Figure 2A ). At least one fruit with weevil larvae was found in 50.6 ± 12.5% (range 36.1%-66.7%) of the plant individuals each year. All weevil-pollinated flowers became fruits (n = 22 flowers from three individuals, counted one month after weevil pollination was observed in 2012) from which 59% (13/22 from three individuals) were aborted likely due full consumption of the content by larvae and 41% (9/22) proceeded as fruits without larvae by the end of the fruiting season. Generally, each infested fruit contained one weevil larva ( Figures 1C and  1D) ; however, we found one fruit containing two young weevil larvae (n = 830 dissected fruits). Weevil larvae fed on developing ovules ( Figure 1C ), causing complete loss and abortion of the fruit by the end of the larval development if not killed by the wasp ( Figure 1D ).
Parasitoids and the Outcome of Orchid-Weevil Interaction Across 5 years, 33.9 ± 32.2% (7.6%-88.9% per year) of the fruits infested with larvae were ''rescued'' by parasitoid wasps (Braconidae, Braconinae; Figures 1F and 2A) , which killed the weevil larva before complete consumption of developing ovules. After the larvae are killed ( Figures 1E  and 1F ), fruits proceeded to dehiscence and seed release. The fruits ''rescued'' by the parasitoid wasps weighted 7.7 ± 3.4 mg, similar to the weight of intact non-infested fruits-7.8 ± 4.2 mg-and much higher than that of fruits in which only weevil larvae were found, 4.2 ± 2.2 mg (LMM with year and plant individual as random factors: c 2 = 20.3, p < 0.0001; post-hoc Tukey's test between categories: intact fruits = wasp > weevil, p < 0.01; n intact = 64; n wasp = 40; n weevil = 40; Figure 2B ). Moreover, seeds found in ''rescued'' fruits showed high viability (96.6 ± 6.2% of seeds with embryo over total number of seeds per fruit, n = 30). Figure S1 , Movie S1 and Movie S2.
DISCUSSION
Importance of Weevils as Pollinators
Active pollination by weevils was also recorded in the congeneric Dichaea pendula and in Grobya amherstiae, both of which occur in sympatry with D. cogniauxiana ( Figure S1 , Table 1 ; see also [14, 18] ). The behavioral repertoire of the weevils when pollinating flowers is similar in the three orchid species [14, 17, 19] ; however, in the self-incompatible D. pendula, weevil pollination leads to flower abortion [19] . Even considering that a portion of fruits are completely lost to weevils, these pollinating herbivores contribute to the local persistence of D. cogniauxiana. For instance, except for this species, all orchid species studied in the same area experienced pollinator limitation, producing more fruits with manual cross-pollination than under natural pollination [17] , mirroring the fact that pollinator limitation is common for orchids in general [20] , as well as for most of Atlantic forest plant species [21] . While D. cogniauxiana fruit set by spontaneous self-pollination was only about 13.4%, all weevil-pollinated flowers became fruits, and natural pollination of exposed control flowers led to fruit set of 57.5%. A simple calculation, based on our evidence that most pollination is performed by weevils, shows that these insects boost plants initial fruit set in 44.1% (difference between control and spontaneous fruit set). Because weevil infestation is detected in an average of 21.3% of fruits and an average of 33.9% of these fruits are rescued by parasitoid wasps, 7.2% of the fruits are rescued by wasps (21.3% 3 33.9%). In some years, this benefit is considerably higher, owed to great variation in larvae mortality due to parasitism (see below).
Characteristics of D. cogniauxiana flowers, including morphology, diurnal floral anthesis, and production of floral volatiles usually found in bee-pollinated flowers [17, 22] , suggest that this species is potentially visited by bees. In fact, the congeneric D. pendula with morphologically similar but twice as large flowers is cross-pollinated by perfume-collecting male bees Euglossa sp. and Eufriesea violacea (Apidae, Euglossini) in the same study area (Table 1) . Nevertheless, in contrast to D. pendula, D. cogniauxiana does not offer any apparent resource for bee pollinators, and we did not detect any visits by bees in this species (Table 1) . While G. amherstiae, also self-pollinated by Montella, was previously recorded as associated with both bees and weevils in another Atlantic forest area [14] , there seems to be no other pollinators recorded for D. cogniauxiana in the literature. In this regard, the fact that weevil pollinators provide higher fruit set than spontaneous selfing highlights their potential contribution for D. cogniauxiana fitness (see [17] ). Moreover, similar levels of fruit set in hand pollinated and control flowers, which express the combination of selfing and active weevil pollination, confirm the importance of Montella weevils as pollinators and the parasitic wasps that rescue infested fruits from complete parasitism.
Parasitoids and the Outcome of Orchid-Weevil Interaction
The ability of plants to set fruits after self-pollination is the first condition for the establishment of the interaction described here. Because weevils only perform self-pollination, selfincompatible plants, such as D. pendula, do not benefit from interacting with weevils. Other studies in the literature have characterized how distinct plant traits, e.g., breeding system and flower morphology, define the outcome of the interaction in pollination systems involving seed or ovule consumption [23, 24] , and this conditionality includes the biotic context [25, 26] . Competitors for seeds or ovules or the presence of pollinators other than the seed or ovule parasites promoting seed production without the cost of seed loss constitute features of the biotic context, which are known to affect the outcome of nursery pollination mutualisms [1, 25] . In the D. cogniauxiana-Montella interaction reported here, the weevil mortality by parasitoid wasps is essential to make the pollinator beneficial for the plant. Yet, prevalence of wasps, more than weevil infestation of fruits, is highly variable among years, surpassing 80% attacked larvae in some years. When wasp prevalence is high, weevil pollination should be more advantageous for the orchid, especially in the absence of pollinators providing cross-pollination. In this sense, our data show that the biotic context varies over time, possibly generating a mosaic of geographical and temporal variations in the outcome of mutualisms [27] , as also reported for other nursery pollination systems [25, 26] .
Evolutionary and Ecological Perspectives
Nursery pollination by seed or ovule parasites had been reported in nine distinct plant families by three orders of insects [2-8, 26, 28, 29] , and the evolution of active pollination behavior was known in only four cases: the pollination of Glochidion trees (Phyllanthaceae) by Epicephala moths (Gracillariidae) [7] , the pollination of the senita cacti (Lophocereus schottii, Cactaceae) by senita moths (Pyralidae) [8] , and the classical examples of pollination of fig trees (Ficus, Moraceae) by fig wasps (Agaonidae) [5] and of yuccas (Yucca, Agavaceae) by yucca moths (Prodoxidae) [6] . Although rare among plants [4] , nursery pollination is the main pollination mode in the widely distributed fig trees, a diverse and economically important genus [5] . One feature characterizing nursery pollination by seed or ovule parasites is the balance needed between the benefits of pollination (seed set) and costs (seed predation) [2, 4] to maintain the interaction advantageous for both participants. Such balance allows the persistence of populations and, thus, stability of the relationship over evolutionary time [30, 31] . Nonetheless, the net outcome from this balance varies from negative to positive according to the identity of species involved, time, space, and interaction with other species [26] . Hence, nursery pollination systems can vary from antagonism to mutualism, and there are several examples of how a third party affects the outcome of the interaction for the plant [25, 32, 33] . For instance, Crabb and Pellmyr [32] showed that braconid parasitoid wasps affect seed consumption by pollinating and non-pollinating yucca moths. This effect was variable among years, with fruits containing parasitized larva producing significantly more seeds than fruits with intact larva in some years but the opposite pattern observed in others [32] .
Other pollination systems involving weevils that breed in inflorescences and flower parts are known in literature [34, 35] , and orchid pollination by weevils is known to occur in a number of Neotropical species [15] , including records of pollinariumcarrying by a weevil dating back to at least 15 Ma [16] . Nevertheless, the active pollination behavior and weevil life cycle described in detail here sets apart this plant-weevil system from others. Importantly, we confirm the existence of ''active pollination'' within coleopterans, and such behavior was previously only well-described for fig wasps and distinct moth groups (yucca, Epicephala, and senita). Some features of the D. cogniauxiana-Montella system, however, indicate important dissimilarities from other nursery pollination systems involving active pollination. First, other nursery pollination systems involve floral visitors, which promote cross-pollination between plants and constitute obligate pollination mutualisms [1, 5, 7, 8, 36] . In contrast, Montella weevils were only observed carrying out self-pollination. Second, D. cogniauxiana does not present specific adaptations indicating exclusive reliance on weevils for its reproduction, thus characterizing a non-obligate pollination interaction. Third, there must be mutual benefit for the long-term stability of a nursery pollination system despite the varying costs inflicted through loss of seeds by the pollinators [1] . Weevils, if left alone, usually end up consuming all developing seeds, characterizing the interaction as parasitism or herbivory. Thus, ''mutualism'' only occurs when a third species is present. Moreover, because weevils only perform self-pollination, a possible consequence for the plant would be lower genetic diversity and even inbreeding depression [37] , although selfing is commonly reported as a strategy for reproductive assurance in orchids [20, 38] . Whether D. cogniauxiana populations have already purged their genetic load of deleterious alleles in a context of predominant selfing needs to be further investigated.
The interactions between Montella weevils and orchids often characterize non-mutualistic interactions, such as simple florivory with consumption of flower parts by the larva without pollination or pollination by adult females without fruit set (Figure S1 ; see also [17] ). Besides D. cogniauxiana, active nursery pollination leading to fruit set was only recorded for Grobya amherstiae in the same study site and in another Atlantic forest area in south-eastern Brazil [14] . Hence, the outcome of orchid-Montella interactions varies across different orchid taxa according to the ability of the weevil to pollinate and to the plant breeding system. We consider several lines of evidence to formulate a hypothesis on how active pollination of orchids has evolved in Montella weevils: (1) the subfamily Baridinae comprises a diverse group of weevils, which often feed and lay their eggs in flower parts including ovaries [9, 39] ; (2) orchids (including D. cogniauxiana) commonly rely on selfing for reproduction assurance in the absence of animal pollinators [17, 20, 38] ; (3) weevil active pollination has been recorded not only in self-compatible species, but also in a self-incompatible plant species, leading to negative outcome for both plant and pollinator [19] ; (4) active pollination by weevils is recorded in orchids from distinct lineages, Dichaea (Zygopetalinae) and Grobya (Catasetinae). Because pollinarium size and floral morphology would determine the ability of weevils to manipulate the pollinarium and because breeding system determines the outcome of pollination, any facultative selfing orchid with a small column and anther located close to the stigmatic cavity would have been suitable for successful active self-pollination. In this context, any adaptation that ensures successful development of fruits will allow the offspring to feed on developing ovules and seeds and provide fitness advantages to ovary-or seedconsuming insects. Thus, we suggest that active pollination behavior in Montella weevils probably evolved without any specific floral adaptation by the orchids. The fact that potentially more than one species of Montella are associated to the orchids involved in nursery pollination ( Figure S2 , Tables S1 and S2, see also [14] ) indicates that active pollination behavior may be a This work [14, 45] We compare the main plant species of this study, Dichaea cogniauxiana, and other orchid species, where active pollination by weevils was recorded.
The sites refer to the localities where observations of the interactions were performed, all of them in Atlantic forest remnants in southeast Brazil. See also Figure S1 .
recurrent strategy in Montella weevils to ensure offspring success. Moreover, weevils are likely adapted to pollinate a wide range of orchids, as suggested by the observation of this behavior in plants from different lineages ( Figure S2 ). In contrast to earlier works [4, 5, [40] [41] [42] , our study illustrates that nursery pollination with specialized active deposition of pollen can evolve without strict co-dependency between plants and pollinators, at least when plants are able to spontaneously selfpollinate [8, 14, 17] .
Conclusions
Our study offers three insights into the ecology and evolution of active pollination behavior and, more generally, nursery pollination: (1) A parasitoid, as a third party, controls the outcome, which can vary from parasitism to mutualism. Therefore, consideration of the biotic context is critical [25] ; (2) Specialized active pollination behavior occurs in the absence of strict co-dependent interactions, as weevils may use plant species that do not rely exclusively on them for pollination; (3) The presence of parasitoids is a biotic factor that cut the costs for plants involved in nursery pollination by seed or ovule consumers, thereby conferring stability to this association across evolutionary time. Further studies on weevil evolution and association with distinct orchid species could provide new insights on the natural history and evolutionary relationships between these two megadiverse groups of organisms [9, 43, 44] .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Study Site and Plant Species
We carried out the field work from August 2011 to April 2017 in Serra do Mar State Park (SMSP), specifically in the highland area (from 800 to 1000 m a.s.l., 23 26' 08'' S -45 13' 22.5'' W and 23 19' 55'' S -45 05' 49'' W) with dense forest vegetation (ombrophilous dense forest [49] ), located in the state of Sã o Paulo, southeast Brazil, a biodiversity hotspot [50, 51] . Sampling was mostly conducted along existing field trails, which facilitated locating epiphytic orchids even in the canopy of trees. Voucher specimens of the plant species are deposited in the herbarium of the University of Campinas (UEC; D. cogniauxiana: C.E.P. Nunes).
Dichaea cogniauxiana is a small creeping epiphyte found on trunks of several tree species (between one meter from the forest floor to the middle canopy) in the humid forest domains of Brazil (Amazon and Atlantic) [52] . The lack of pseudobulbs and the presence of single-flower inflorescences bearing small flowers (less than 3 cm) with anchor-shaped lips are synapomorphies of the genus among the extant Zygopetalinae subtribe [53] . This orchid presents flowers with elliptic-lanceolate tepals that are primarily cream-white to light rose colored with deep red/vine spots ( Figures 1A and 1B) . The pollinarium and its viscidium is located directly above the stigmatic surface (less than 1 mm), and the anther cap covers the pollinarium except for the viscidium, and bears four compressed, round pollinia that are arranged as two superposed pairs ( Figure 1B, arrow) . We conducted field observations and monitored fruit infestation on a D. cogniauxiana population during the breeding seasons from 2012 to 2016. Flowering spanned from January to February and fruiting from February to December. Dichaea cogniauxiana set fruit from spontaneous self-pollination (13.4%) but not after emascu- Mega v7.0.26 [48] http://www.megasoftware.net/docs lation treatment. Fruit set by natural pollination (57.5%) was higher than fruit set of manual selfing (47.6%), which in turn was higher than manual cross-pollination (37.3%). Fruit set after manual pollination treatments and under natural conditions was significantly higher than fruit set after spontaneous self-pollination (c 2 test, p % 0.05), characterizing a self-compatible breeding system in which exposure to pollinators significantly increases fruit set (see [17] ). More observations and basic information on the breeding system, reproductive ecology and floral volatiles of D. cogniauxiana and nine other orchid species from the same study area can be found in [17] and [18] .
METHODS DETAILS Weevil behavior and life cycle
We characterized weevil's behavior and life cycle in D. cogniauxiana, the most abundant weevil-pollinated orchid in the study area ( Figure 1 ) with more than 300 breeding individuals each year (CEPN personal observation). We also evaluated whether the outcome of orchid-weevil interaction varied across time by quantifying the prevalence of weevils and their mortality due to parasitoids in the orchid fruits from 2011 to 2016.
Focal observations
We performed a total of 43 hr of focal observations of visitors to D. cogniauxiana during the flowering seasons, i.e., between January and February, of 2012, 2013, 2014, 2015 and 2017 from 07:00 to 19:00 h, covering both diurnal and crepuscular periods. During each observation period, we personally observed or recorded with a digital camera (DCR-RS68 Sony, Tokyo, Japan) one individual plant bearing from one to 41 flowers in the field. We considered as pollinators the floral visitors removing and depositing pollinaria. We analyzed the behavior of visitors and pollinators from digital movies and during focal observations (see Movie S1 and Movie S2).
Identification of the insects
We identified weevils and wasps with the help of specialists in each of the major groups they belonged (Dr. Juliano Fiorelini Nunes, for Hymenoptera/Braconidae; Daniela Bená M.Sc. and Prof. S ergio Antô nio Vanin, for Coleoptera/Curculionidae). The collected specimens and the observations on behavior and plants used by the insects allowed the identification of weevils as new species in the genus Montella (Curculionidae, Baridinae) [54] and the parasitoid wasps as likely a novel species belonging to the subfamily Braconinae (Braconidae). We performed an additional punctual observation of the interaction between D. cogniauxiana and weevils at Itatiaia National Park, a natural reserve distant ca. 500 km away from the main study site, where we collected one fruit containing one weevil larva. Voucher specimens of the weevils are deposited in the Museum of Zoology of the University of Sã o Paulo (MZUSP).
Collection of adult weevils at field
Weevil individuals were collected when visiting Dichaea flowers and by using 2-methoxy-4-vinylphenol baits during attraction bioassays, which was shown to be attractive to weevils in a previous study [19] . The assays were performed from January to February 2015 from 08:00 to 15:00 h on five sunny days. In each assay we exposed circular filter-paper baits (Whatman #1; 11 cm diameter) hung by a cotton line in the vegetation of the forest border or along forest paths containing 0.5 mL of 2M4VP pure analytical standard to the treatment paper. From at least 228 Montella weevils collected, killed and stored in a freezer at -20 C, we used 24 adult weevil specimens for molecular analyses (Table S1 ), 16 collected in baits and eight hand-collected while visiting D. pendula or D. cogniauxiana. Weevils collected at the chemical baits actively pollinated both D. cogniauxiana and D. pendula and two trials in which bait-collected weevils were exposed to flowers both at the field and at the lab are shown in Movie S1 and Movie S2.
Molecular genetic analyses of weevils
Due to inconspicuous morphological differences, which hinder weevil species delimitation, we analyzed the barcode region of the mitochondrial encoded cytochrome c oxidase I (COI) gene [55] . Therefore, we were able to verify whether the weevil species observed pollinating flowers of Dichaea species belonged to one or more species. We hypothesized that if weevil specimens are indeed a single species, then they would present high genetic similarity between individuals.
Weevils were stored at -20 C prior to total genomic DNA extraction at the Laborató rio de Aná lise Gen etica e Molecular, Brazil, using a previously described protocol [56] . Briefly, entire individuals were grounded in TissueLyser (QIAGEN) and incubated for1 hour at 37 C in 400 mL of buffer containing 0.5% (w/v) sodium dodecyl sulfate diluted in 200 mM Tris-HCl, 25 mM EDTA and 250 mM NaCl. 0.1 mg of Proteinase K solution was added in each sample and incubated for 1 more hour at 54 C. 240 mL of chloroform: isoamyl alcohol (24:1 v/v) was added followed by a centrifugation at 12000 rpm for 10 minutes. The supernatant was recovered, and DNA was precipitated with isopropanol. Each sample was then centrifuged at 13200 rpm for 20 minutes. DNA pellets were washed with absolute and 70% ethanol. Completely dried DNA pellets were resuspended in 50 mL TED (3 mM Tris-HCl and 0.2 mM EDTA). To amplify the barcode fragment of the mitochondrially encoded cytochrome c oxidase I (COI) gene, polymerase chain reactions (PCR) were carried out using the universal primers LCO1490 (5'-GGTCAACAAATCATAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCAGGGTGACCAAAAAATCA-3') [57] . PCRs were performed in a final volume of 20 mL containing 3 mL of template DNA, 1 mg/mL of Bovine Serum Albumin (BSA), 1 X PCR buffer, 1.25 mM of magnesium chloride, 0.1 mM of each dNTP, 0.2 mM of each primer and 1 U of Taq DNA polymerase. Termocycling conditions were the following: 95 C for 5 min; 35 3 (94 C for 30 s, 45 C or 60 C for 1 min, 72 C for 1 min); and 72 C for 5 min (see Table S1 ). Amplification products were purified by e2 Current Biology 28, 980-986.e1-e3, March 19, 2018 polyethylene glycol (PEG) precipitation. Concisely, this protocol consisted in the addition of 50 mL of a solution containing 2.5 M NaCl and PEG 20% to the PCR products, followed by an incubation for 15 minutes at 37 C. Samples were then centrifuged at 13000 rpm for 15 minutes and supernatant was discarded. The amplified DNA was washed twice with 125 mL of 80% ethanol. 15 mL of ultrapure water was added to the dried pellets. Purified amplification products were double-sequenced using BigDye Terminator v3.1 (Applied Biosystems) in a ABI3500 automated sequencer (Applied Biosystems). Sequences were edited using the software ChromasPro Version 2.1.6 (Technelysium Pty Ltd) and compared to GenBank database [58] through BLAST [47] to confirm their identity as COI gene of Curculionidae. From the initial 24 adult weevil specimens, we could successfully obtain high quality COI sequences for 18 individuals (Table S1 ). We attribute these failures to the non-optimal storage conditions for DNA preservation.
QUANTIFICATION AND STATISTICAL ANALYSES
Balance of orchid-weevil interactions To assess the fate of weevil-pollinated flowers, we marked 22 weevil pollinated flowers from three randomly chosen plant individuals (10, 6 and 6 flowers each) during the 2012 flowering season. We then assessed the initial fruit set by checking these flowers in March 2012, one month after pollination, and the final fruit set by checking again the fruits in December of the same year, time of fruit ripening and seed release.
In order to quantify the variation on the balance of the orchid-weevil-wasp interaction across time, we measured fruit infestation by weevils under natural conditions by randomly collecting fruits from different individuals at the main study site in each of the five years, ca. 45 days after the flowering peak of D. cogniauxiana. To collect fruits at random, we sorted the individuals to be sampled using the function ''sort'' in R Statistical Computing Environment [59] . We dissected all collected fruits and checked for presence of weevil larva, wasp larva or weevil larva remains. Then, we evaluated whether the proportion of fruits consumed by weevil larva changed across years using a Generalized Linear Model (GLM) with quasibinomial distribution to account for overdispersion in the data [60] . We considered the proportion of fruits with weevil parasitism in relation to the total number of fruits produced by an individual as the response variable. We also calculated the proportion of larvae that were killed by the wasps in each year ( Figure 2A , Table S3 ).
Lastly, to measure how much the parasitoid wasps benefit the plant by killing the weevil larva, we compared the dry weight of fruits from three categories: intact, with wasps, and surviving weevil larva ( Figure 2B ). After dissecting the fruits to assess to which category they belonged to, we removed all insect material leaving only orchid parts (i.e., we did not weight weevil and wasp remains) and then placed it in a dry oven for 48 hours at 60 C. We weighted the fruits immediately afterward, with a precision weighing scale (error = 0.1mg) (Table S4 ). Fruits weight was compared using a linear mixed-effects model in the package lme4 from R [61] . We considered the year of collection and the plant individual as random intercepts, with the fruit category as the fixed effect. To attain significance value for the fruit category, we compared the model with and without this factor using the function anova in R package car [62] . Fruit weight in mg was log 10 transformed to improve the distribution of residuals in the model. After finding a significant effect for fruit category, we used the function glht in R package multcomp [63] to run a post hoc Tukey test for multiple comparisons. Seed viability in the ''rescued'' fruits was also evaluated by counting the number of seeds containing embryos in a sample of seeds of each fruit (n = 30 fruits). Seed content from each fruit was put in water and the resulting suspension was spread over a glass slide. Then, the number of seeds containing embryos was scored from the first 100 seeds visualized from each fruit. All statistical analyses were performed in R [59] .
Molecular genetic analyses of weevils
Sequences (676 bp) were aligned with MUSCLE [64] implemented in Mega v7.0.26 [48] and deposited in GenBank (GenBank: MG764160-MG764177, Table S1 ). Pairwise genetic distances between individuals were estimated assuming Kimura two-parameter as nucleotide substitution model [65] and used to reconstruct a neighbor-joining tree in Mega v7.0.26 [48] , using Curculio davidi as outgroup (GenBank: KX774488.1). Branch supports were estimated by bootstrapping 10 000 replicates.
The average pairwise genetic distance was 0.1% (range: 0 -0.4%) for most of the analyzed weevil specimens (17 out of 18; Table S2 ), which also formed a monophyletic clade with high bootstrap support in the neighbor-joining tree ( Figure S2 ). Only a single individual (2m71) presented high genetic divergence from the remaining weevils (range: 13.1 -13.5%; Table S2 ), forming a distinct clade ( Figure S2 ). These findings showed that most of weevil specimens comprise a unique species, because their observed pairwise genetic distances are below the range of 2 -3%, a suggested threshold for intraspecific genetic divergence [S1]. Although our molecular results have suggested the existence of at least two weevil species interacting with D. cogniauxiana and D. pendula, they also indicate that this interaction is likely dominated by a single species.
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